Topoisomerase I (Top1) is a proven target for cancer therapeutics, and the level of Top1 in tumors has been used as a biomarker for chemotherapeutic efficacy. In this study, we report the development and validation of a two-site enzyme chemiluminescent immunoassay for Top1, which we used to measure Top1 levels in the NCI-60 cancer cell line panel. Top1 levels ranged from 0.9 to 9.8 ng/mL/μg protein extract in these cell lines. Levels varied both within and between cancer types but were generally highest in colon cancer and leukemia cell lines and lowest in central nervous system and renal cancer cell lines. Top1 mRNA levels in the NCI-60 cell lines were also measured by microarray; mRNA values generally showed a good correlation with protein levels (Pearson correlation = 0.8). When these expression levels were compared with the activity of the indenoisoquinoline class of Top1 inhibitors across the NCI-60 cell panel, low levels of Top1 were associated with increased resistance to these drugs. The results of our studies indicate that our Top1 assay can be used to quantify Top1 levels in untreated cells as well as cells treated with Top1 inhibitors and that the assay has the potential to be adapted for use in predicting clinical response to Top1-active antineoplastic agents.
Introduction
Topoisomerase I (Top1) catalyzes the unwinding of DNA by creating single-strand breaks. Numerous biological processes require this activity, including DNA replication, transcription, recombination, chromatin assembly, chromosome segregation, and DNA repair (1) . This expansive repertoire of vital functions makes topoisomerases an attractive target for drug treatment in cancer and other diseases. Expression of Top1 is associated with tumor growth, tumor differentiation, and poor prognosis for survival in colorectal cancers (2, 3) . High levels of Top1 also correlate with response to the Top1 inhibitor irinotecan (CPT-11; refs. 3, 4), whereas reduced expression of Top1 is linked to resistance to Top1 inhibitors (5) (6) (7) . However, to date, a highly quantitative assay for measuring Top1 levels in a (semi) high-throughput manner has been lacking.
Although Top1 mRNA levels can be measured easily by reverse transcription-PCR methods (8) and microarray, mRNA levels do not always directly correspond to protein expression (9, 10) . Qualitative analysis of immunostained human sarcomas has shown that Top1 protein levels vary widely in these tumors (11) . Colon cancer patients who benefit from treatment with irinotecan have been identified using Top1 immunohistochemistry (3) . Another immunohistochemical analysis found that Top1 is elevated in 42% of malignant melanomas and that p53 status may also influence the efficacy of Top1 inhibitors (12) . Top1 protein levels can also be measured by Western blotting in a semiquantitative manner; by Western analysis, gastric adenocarcinomas have 1.51-fold higher and lung adenocarcinomas 1.84-fold higher levels of Top1 than their corresponding normal tissues (13) . Western blot analysis has also been used to show that Top1 levels decrease in response to drug treatment by way of the ubiquitin-proteasome pathway (14, 15) .
Top1 inhibitors (such as topotecan and irinotecan) are currently among the most effective anticancer drugs for colorectal, small cell lung, and ovarian cancer (16) . However, they are chemically unstable, and thus, substantial effort has been expended to improve on these compounds, leading to the development of the indenoisoquinoline class of Top1 inhibitors (17, 18) . As the indenoisoquinolines progress toward clinical evaluation, quantitative methods for measuring topoisomerase levels would be of substantial utility for evaluating the potential to select patients for indenoisoquinoline therapy based on pretreatment Top1 levels.
In this report, we describe a novel, quantitative, Top1 immunoassay that was developed and validated using cell culture extracts and purified recombinant Top1. The assay was used to measure Top1 levels as a pharmacodynamic biomarker in topotecan-treated A375 cells. The immunoassay was also used to measure Top1 levels in the NCI-60 cell line panel, and protein levels were correlated with mRNA levels measured by microarray analysis. Selected cell lines were subjected to further study by Western blotting. Top1 levels were also compared against efficacy data for topotecan and the indenoisoquinolines in the NCI-60 cell line panel.
Materials and Methods
Cells and Cell Culture A375 cells and media were obtained from the American Type Culture Collection. NCI-60 cell lines were obtained from the Biological Testing Branch at National Cancer Institute-Frederick. (A complete list of cells in the NCI-60 panel and additional details are available in Supplementary Materials.) Cells were grown in T75 (75 cm 2 ) flasks or six-well plates from Corning in RPMI 1640 supplemented with 10% fetal bovine serum (American Type Culture Collection) and 50 mg/L gentamicin (BioWhittaker) in an incubator at 37°C with 5% CO 2 . Cells were harvested while in exponential growth.
Drug Treatment A375 cells were grown to ∼75% confluence in T75 flasks. Cells were treated with 0.1, 1, 10, or 100 μmol/L of topotecan (Hycamtin, GlaxoSmithKline) or vehicle (water) in 5 mL of medium for 40, 75, and 165 min. The cells were rapidly washed with 10 mL PBS and immediately lysed in the flask and processed as described below.
Sample Processing and Protein Determination Cells were lysed directly in the flask or plate with lysis buffer consisting of 10 mmol/L Tris-HCl buffer (pH 7.5), 1% SDS, 1% Triton X-100, 1 mmol/L phenylmethylsulfonyl fluoride, and EDTA-free Complete Protease Inhibitor Cocktail (Roche). Lysates were sonicated three times, 10 s each, on ice with a sonic dismembranator (Fisher). Protein levels were determined with the bicinchoninic acid kit (Thermo Scientific) using bovine serum albumin as the standard.
ELISA Assay Optimal antibody dilutions, times, and temperatures were determined for each step. White 96-well Reacti-Bind (Thermo Scientific Pierce) plates were coated with a mouse anti-Top1 monoclonal antibody clone C21.1 (BD Biosciences Pharmingen), diluted 1:1,000 in carbonate buffer (pH 9.6), and incubated for 2 h at 37°C. The plates were then washed once with PBS with 0.1% Tween 20 (PBS-T) on a Bio-Tek ELx405 plate washer (Bio-Tek Instruments, Inc.). The plates were blocked at least 2 h at 37°C with PBS-casein (BioFx Laboratories) and washed once with PBS-T. Samples and standards were then loaded and incubated overnight at 4°C. Recombinant Top1 (EMD Biosciences, Inc.) was used as the standard. The plates were then washed four times with PBS-T. Rabbit anti-Top1 polyclonal antibody Ab28432 (Abcam), diluted 1:500 in PBS-casein, was used as the probe and incubated for 2 h at 25°C. The plates were washed four times with PBS-T followed by the addition of extra serum-absorbed goat antirabbit horseradish peroxidase conjugate diluted 1:1,000 in PBS-casein for 1 h at 25°C. The plates were washed again four times with PBS-T. Finally, Pico-ELISA substrate (Thermo Scientific Pierce) was added and chemiluminescence was measured on an Infinite 200M (Tecan Group Ltd.).
ELISA Assay Validation
The Top1 immunoassay was subjected to a validation protocol for analytic performance (see Supplementary Materials).
Quantitation of Transcript Expression from Three Microarray Platforms
Processing and normalization of transcript expression data from the NCI-60 has previously been described for the 60,000-feature Affymetrix Human Genome U95 Set (HG_U95) and 44,000-feature Affymetrix Human Genome U133 (HG_U133) microarrays (10) . Transcript expression quantification for the Human Genome U133 Plus 2.0 Array (HG_U133 Plus 2.0) was obtained using Robust Multichip Analysis. Inclusion of probes was based on their having a minimum range of 1.2 (log2; ref. 19) , in addition to a correlation to all other probes used of ≥0.52. Probes used in this analysis are listed in Supplementary  Table S1 . 4 Data from the HG_U95 and HG_U133 microarrays can be accessed at our queryable relational database CellMiner. 5 Comparison of Top1 Enzyme and mRNA Levels in the NCI-60 Cell Line Panel Top1 enzyme levels were plotted against Top1 mRNA levels from six probe measurements and the average of these intensities determined. Correlations were determined from least square linear regression fit.
Western Blotting Cell lysates from HT-29, HCT-116, A498, SKMEL28, SR, and H322M cell lines were loaded onto 7.5% precast gels (Bio-Rad Laboratories) for SDS-PAGE run at 90 V for 90 min. Protein concentrations were determined by bicinchoninic acid assay and 50 μg were loaded per well. Proteins were then transferred to polyvinylidene difluoride membranes at 100 V for 2 h. Membranes were blocked overnight with blocking buffer (LICOR). Separate blots were probed with either mouse anti-Top1 monoclonal antibody C21.1 (diluted 1:1,000) or rabbit anti-Top1 polyclonal antibody Ab28432 (diluted 1:1,000). Anti-mouse IR-680 (diluted 1:10,000; LICOR) or anti-rabbit IR-800 (diluted 1:10,000; LI-COR) were used as secondary antibodies. Blots were scanned on the Odyssey IR imager (LICOR). Quantification was done using LICOR software v.3.0.
Drug Activity Drug activities [GI 50 , the concentration that causes 50% growth inhibition (IC 50 ) with a correction for the cell count at time zero] in the NCI-60 panel were obtained from the National Cancer Institute's Developmental Therapeutics Program, NIH. The drug activity assay involves a 48-h exposure of cells in exponential growth to a 5 log concentration range of drug followed by a colorimetic detection of viable cells with sulforhodamine B dye at 515 nm. Details on the methodology of the in vitro cancer screen can be found online. 6 The data for topotecan [National Service Center (NSC) 609699] and the indenoisoquinoline compounds (NSC 724998 and NSC 725776) can be accessed by NSC number online. 7 
Statistical Analysis
Pearson's correlation coefficients for the drug activity versus mRNA expression comparisons ( 
Results
Here, we describe a novel assay based on the ELISA developed to provide quantitative determination of Top1 levels. The development and analytic validation of the immunoassay are described in Supplementary Materials. For all samples, quantification was achieved using recombinant Top1 to generate a standard curve. Functional validation was done using cell extracts from cells treated with and without topotecan as described below. Top1 levels were determined for the NCI-60 cell line panel using this ELISA-based assay and compared with Top1 mRNA levels determined by microarray, with Top1 levels determined by Western blot analysis, and with the known efficacy of Top1 inhibitors in the NCI-60 panel.
Top1 Levels in Topotecan-Treated A375 Cells Top1 levels in topotecan-treated A375 human melanoma cells were measured as a functional validation of the immunoassay to show that drug-dependent changes in Top1 levels could be detected. Top1 protein levels in A375 cells increased to ∼110% of the vehicle control (water) at all three time points (40, 75, and 165 minutes) following treatment with 0.1 μmol/L topotecan (Fig. 1) . Top1 levels decreased to 65% of controls in response to 1 μmol/L topotecan treatment for 165 minutes, whereas the 40-and 75-minute time points were essentially unchanged from the vehicle control. At the 10 and 100 μmol/L concentrations, Top1 levels began to decrease at the 40-and 75-minute time points. Top1 protein levels at the 165-minute time point leveled out at ∼55% of the vehicle control for both 10 and 100 μmol/L concentrations.
Top1 Protein Levels in the NCI-60 Panel Measured by ELISA
Top1 protein levels in the NCI-60 panel were measured by ELISA and examined by cancer type (Fig. 2A) . Top1 protein levels varied by 10.7-fold from the highest (9.8 ng/mL/μg extract) to the lowest (0.9 ng/mL/μg extract) in these cell lines. As a group, colon cancer cell lines had the highest mean levels of Top1 (5.7 ± 2.4 ng/mL/μg protein), whereas renal cancer cell lines had the lowest mean levels of Top1 (1.8 ± 0.5 ng/mL/μg protein; Table 2 ). The overall average Top1 protein level in the NCI-60 panel was 3.1 ± 2.0 ng/mL/μg protein.
Top1 mRNA Levels in the NCI-60 Panel Measured by Microarray
Top1 transcript levels in the NCI-60 were measured using three Affymetrix microarray platforms: HG_U95, HG_U133, and HG_U133 Plus 2.0. The average intensities for each cell line in the NCI-60 panel are shown in Fig. 2B . Top1 mRNA levels in the NCI-60 cell line panel measured by microarray varied from 4.7-fold to 15.6-fold (average, 5.7-fold) for the six probes used in this study, which agrees with the levels determined by ELISA.
Comparison of Top1 Protein and mRNA Levels in the NCI-60 Panel
Top1 protein levels were plotted against Top1 mRNA levels determined using six separate probes and the average level. Top1 ELISA data have been normalized to 1 μg protein; data represent the mean ± SD for at least three cell extracts. Affymetrix microarray data are the mean ± SD for data from six probes each normalized using gcRMA method. BR, breast; CNS, central nervous system; CO, colon; LC, lung cancer; LE, leukemia; ME, melanoma; OV, ovarian; PR, prostate; RE, renal.
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Mol Cancer Ther 2009;8(7). July 2009 intensity of the six probes (Fig. 3) . The correlation between the enzyme and mRNA level from the average intensities of the six probes was 0.83 (R 2 = 0.6915). Correlations for each of the six individual probe/chip sets ranged from 0.57 to 0.80 (Supplementary Table S1 ).
Top1 Western Blot Analysis of Select Cell Lines from the NCI-60 Panel
Western blot analysis with the rabbit polyclonal antibody used as the probe in the ELISA assay was done for select cell lines (Fig. 4A ) with high or low Top1 measured by both ELISA and microarray as well as for three cell lines that had high mRNA Affychip intensity to enzyme ratios. HCT-116 and HT-29 had very intense bands at ∼100 kDa, corresponding to full-length Top1, in the blot probed with the rabbit polyclonal antibody Ab28432. NCI-H332M had a slightly less intense full-length Top1 band, whereas A498 and SKMEL28 cells had an even fainter band. Additional bands at lower molecular weights were present for most of the cell lines and were of varying molecular weight, possibly due to proteolytic turnover of the enzyme. HCT-116, HT-29, and SR cell lines had similar lower molecular weight bands of about 70 and 40 kDa. SR and A498 seemed to have bands of slightly higher molecular weight at ∼75 kDa. The Top1 band intensities at ∼100 kDa were quantified and normalized to the HCT-116 values. Relative intensities of the Top1 band at 100 kDa were compared with the ELISA data (Fig. 4B) .
Top1 Expression Correlated with Top1 Inhibitor Activity Indenoisoquinoline drug activity values (IC 50 ) obtained for the NCI-60 were correlated to both the mRNA and protein expression levels of Top1 (Table 1 ). For the indenoisoquinolines NSC 724998 and NSC 725776, correlation of drug activity to mRNA levels was statistically significant in all cases (P < 0.05 in the absence of multiple comparisons correction). Indenoisoquinoline activity correlations to Top1 protein expression levels were statistically significant in one of two cases for each experiment. Top1 expression correlations to topotecan activity were not found to be significant (Table 1) .
Discussion
A sensitive and quantitative immunoassay for Top1 was developed for use in solid tumor extracts, validated, and used to measure Top1 levels in the NCI-60 cell line panel and in cells treated with the Top1 inhibitor topotecan. Top1 mRNA levels in the NCI-60 panel were also determined and compared with Top1 enzyme levels determined by the immunoassay. Known efficacy of Top1 inhibitors was also compared with the Top1 levels across the NCI-60 panel.
Top1 protein levels in the NCI-60 cell line panel, as determined by ELISA, varied by ∼11-fold in these cancer cell lines and generally had good correlation (R = 0.83) with mRNA levels as measured using Affymetrix microarrays. Furthermore, the activity of the indenoisoquinoline Top1 Top1 levels in topotecan-treated A375 cells determined using the ELISA assay showed a time-and dose-dependent decrease in response to topotecan treatment. This is consistent with previous reports showing that Top1 is degraded via the ubiquitin-proteasome pathway in response to camptothecin (14, 15, (20) (21) (22) , which shares the same ring structure and mechanism of inhibition as topotecan. In contrast, increases in expression of Top1 have been observed in peripheral blood mononuclear cells from patients undergoing chemotherapy (23) . Our assay could, therefore, be used to monitor the pharmacodynamic effects of Top1 inhibitors such as topotecan as well as compounds that result in alteration of Top1 levels.
Colon cancer cell lines had the highest levels of Top1, consistent with the clinical efficacy of Top1 inhibitors in the treatment of this disease. The recent Fluorouracil, Oxaliplatin, CPT-11: Use and Sequencing (FOCUS) trial showed a correlation between Top1 levels and the efficacy or irinotecan-based chemotherapy (3). The wide variation in Top1 levels among colon cancer cell lines may partially explain why Top1 inhibitors show better efficacy in some patients with colon cancer than others. Our immunoassay could potentially be adapted to provide a means of screening patients before treatment and monitoring patient response during treatment with Top1 inhibitors. It could also be used in conjunction with other biomarkers, such as p53 status, which may affect sensitivity to treatment (12, 24) . BRCA1 status has also been shown to be involved in transcription-induced degradation of Top1 (24, 25) .
Leukemia, prostate, ovarian, lung, and breast cancer cell lines also had individual cell lines with high (>4 ng/mL/μg protein) Top1 levels. Besides colorectal cancer, Top1 inhibitors are approved for the treatment of ovarian and small cell lung carcinoma (16) . Clinical trials have been conducted for Top1 inhibitors (both as monotherapy and in combination studies with other anticancer agents) for many types of cancer, including colorectal, lung (non-small cell lung carcinoma and small cell lung carcinoma), ovarian, breast, and chronic myelomonocytic leukemia, with varying response rates (26) . Topotecan is effective in inducing remission when given before standard induction therapy for childhood acute lymphoblastic leukemia in the first relapse (27) . In comparison, central nervous system and renal cancer cell lines had lower levels of Top1. Overall, the results of this study show that there is substantial variation in Top1 levels both within a cancer cell type and between the histologies represented in the NCI-60 cell line panel (as shown in Fig. 2) .
Western blot data were concordant with ELISA data for five of the six cell lines examined. Western blot results for the H322M cell line were intermediate between the ELISA and microarray data. Like the ELISA, the Western blot data show about a 10-fold difference in Top1 enzyme levels across the NCI-60 panel.
The activity of indenoisoquinolines NSC 724998 and NSC 725776 correlated with Top1 expression in the NCI-60 cell line panel. This supports the findings of the FOCUS trial, which found an association between Top1 levels and response to another Top1 inhibitor, irinotecan (3). We did not, however, find significant correlation between Top1 expression and topotecan activity. This difference in correlation with the efficacy of topotecan versus the indenoisoquinolines may be partially explained by differences in the efflux of these drugs by multidrug resistance pumps and in the persistence of the covalent complex of Top1 with the anticancer agent (17) . Our data also suggest that mRNA levels could be used with high confidence to aid in the prediction of response to Top1 inhibitors if Top1 enzyme levels were not available.
This newly developed Top1 assay is a sandwich ELISA run in a 96-well format using commercially available Top1 antibodies, making it available for use in most laboratory settings. We have validated that the assay can provide maximal sensitivity over a range of Top1 concentrations from 0.4 to 12.5 ng/mL. In addition, the assay had good precision and reproducibility, with low interplate coefficients of variance and high Top1 recoveries. These data indicate that this novel Top1 immunoassay should be useful Figure 4 . A, Western blot analysis of 50 μg of whole-cell lysate from select NCI-60 cell lines for Top1. Blot probed with rabbit anti-Top1 polyclonal antibody followed by goat anti-rabbit IR-800. Full-length Top1 is ∼100 kDa. B, relative quantification of Top1 levels from 100-kDa band on Western blot in A (hashed columns) compared with ELISA (black columns). Columns, mean Top1 ELISA data for at least three cell extracts; bars, SD. All data sets were normalized to and expressed as a percentage of HCT-116 levels.
for routine quantification of Top1 levels in cell extracts. Because Top1 levels have been implicated in the efficacy and resistance of Top1 inhibitors (3) (4) (5) (6) , the assay could potentially be adapted for use in predicting response to Top1 inhibitors in a clinical setting.
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